1962.-A small amount of ribonucleic acid (RNA) was found in a "membrane" fraction prepared from osmotically sensitized Esche?ichia coli. It exhibited an elevated metabolic activity in that it attained the highest specific activity of any RNA in subcellular fractions of logarithmicphase cells or spheroplasts prepared from logarithmic-phase cells which had been allowed to incorporate p32 briefly. The metabolic activity of this RNA, in terms of p32 incorporation, was found to be independent of cell-wall synthesis in the diaminopimelic acid (DAP)-less mutant, E. coli W 173-25, but was inhibited by penicillin in both this strain and in E. coli B. The latter effect is considered to be a result of other complex inhibitions of cellular metabolism by the antibiotic. The development of sensitivity to osmotic shock, capability of recovery, and synthesis of macromolecules in penicillin-treated and DAP-starved cultures, under these conditions, is described.
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In previous studies of bacterial ribonucleic acid (RNA), subcellular fractions isolated from normal and bacteriophage T2r + infected Escherichia coli B were found to differ in the extent to which the RNA contained in them became labeled when the cells were exposed briefly to radioactive phosphorus. The RNA which attained the highest specific activity was a small amount (5 % or less of the total RNA) in a fraction (PI) which sedimented from a suspension of alumina-ground cells when centrifuged at 20,000 X g for 20 min (Volkin and Astrachan, 1956a; Countryman and Volkin, 1959) .
This fraction probably consisted primarily of cell-wall and membrane fragments. The presence of small amounts of RNA in bacterial membranes has been noted by a number of workers (Spiegelman, 1959; Hunter et al., 1959; Brookes, Crathorn, and Hunter, 1959; Godson, Hunter, and Butler, 1961; Abrams and McNamara, 1962) . The intact protoplasts of E. coli described by Spiegelman (1959) incorporated C'4-uridine most rapidly into a membrane fraction, and he suggested that this fraction was qualitatively the same as the P1 fraction described above.
In the present report, the RNA of E. coli which is most rapidly labeled with p32 is described as being associated with a "membrane" fraction. An RNA localized in the cytoplasmic membranes (structures in close proximity to bacterial cell walls) might play a role in the synthesis of cell-wall peptides. If this were the case, its metabolic activity should be correlated with cellwall synthesis. Accordingly, the metabolic activity, in terms of p32 incorporation, of the "membrane" RNA was examined for a relation to cell-wall synithesis or repair.
Two systems have been used for the manipulation of wall synthesis: penicillin treatment and diaminopimelic acid (DAP) starvation of the mutant E. coli W 173-25, which is blocked in the synthesis of this cell-wall constituent (Davis, 1952) . The effects of penicillin on bacteria appear to be several and complex, but a major one is an interference with cell-wall synthesis so that the walls lose their rigidity and the cells become sensitive to osmotic shock (McQuillen, 1960) . When protected by a hypertonic medium, they are converted into spherical bodies, or spheroplasts, as first described by Lederberg (1956) . The specific prevention of cell-wall synthesis achieved by withholding DAP from E. coli W 173-25 incubating in a hypertonic medium also results in conversion of the cells into osmotically sensitive spheroplasts (McQuillen, 1958; Lederberg and St. Clair, 1958) . This conversion is technically advantageous 1061 since these forms can be readily lysed and fractionated.
MATERIALS AND METHODS
Bacterial strains. E. coli strain B was obtained from Elliot Volkin. Maintenance of stock cultures and preparation of 16-to 18-hr overnight cultures were described previously (Countryman and Volkin, 1959) . E. coli strain W 173-25 was obtained from B. D. Davis and was maintained on nutrient agar slants supplemented with 100 uM DAP and 100 Mm lysine. Overnight cultures were grown at 37 C with aeration in synthetic medium supplemented with 1% glucose, 100 Mm DAP, 100 4M lysine, and 0.25% yeast extract. (Extremely clumped growth was obtained without the yeast extract.) These cultures were routinely checked for reversion by streaking on an unsupplemented nutrient agar plate. "Revertants" were seldom found.
Media and solutions. Modified peptone broth and buffered-salts solution were described by Countryman and Volkin (1959) , and the tris(hydroxymethyl)aminomethane (tris)-buffered synthetic medium by Volkin and Astrachan (1956b Logarithmic-phase cultures. Modified peptone broth, fortified with any necessary supplements, was inoculated with overnight cultures to an optical density of about 0.05. The cultures were grown at 37 C, with aeration by bubbling, to an optical density of about 0.3 (2.5 divisions).
Preparation of osmotically sensitive spheroplasts from logarithmic-phase cultures (lysozyme-freezethaw treatment). The observations of Kohn (1960) prompted the development of this procedure. The solutions used are similar to those of Abrams, McNamara, and Johnson (1960) . The cultures were harvested and resuspended in 0.1 volume of 0.15 M tris-HCI, 0.4 M sucrose, pH 6.4; 200 Mg per ml of lysozyme and 10 MAg per ml of deoxyribonuclease were added, and the suspension was frozen quickly by swirling in an alcohol-Dry Ice mixture. The frozen preparation was thawed by holding at 37 C for 2 min. This was repeated twice, and the suspension was then held in a frozen state until resuspension for further experimentation or osmotic shock.
Penicillin inhibition. According to the method of Lederberg (1956) , 30 ml of an overnight culture were added to 100 ml of sucrose broth containing 1,000 units of penicillin per ml and, in the case of E. coli W 173-25, 100 AM DAP and 100 AM lysine. The cultures were shaken at 37 C on a New Brunswick rotary shaker. Usually, 300 ml of culture were shaken in a 2-liter flask.
DAP starvation. An overnight culture of E. coli W 173-25 (10 ml) was harvested and resuspended in 100 ml of sucrose broth supplemented with 100 MM lysine, and shaken at 37 C (McQuillen, 1960) .
Osmotic shock. Spheroplasts produced from logarithmic-phase cultures were thawed by holding at 37 C for 1 min, then diluted tenfold with a cold shocking solution of 0.02 M tris-HCI, 0.005 M MgCl2, pH 6.4, containing 10 MAg per ml of deoxyribonuclease. Spheroplasts produced by penicillin inhibition and DAP starvation were harvested and the pellets gently spread out over the bottom of the centrifuge bottle with a glass stirring rod. They were shocked with 100 ml of cold shocking solution per 300 ml of culture. All shocked suspensions of spheroplasts were stirred at 0 C for 20 min with a magnetic stirrer. Determination of osmotic shock survival. From cultures incubating with penicillin or without DAP, 0.1 ml was sampled into 10 ml of distilled water and allowed to stand at room temperature for 30 min. Further dilutions were then made as necessary and plated by the agar-layer technique (Adams, 1959) , using DAP-and lysine-supplemented agar, and soft agar for E. coli W 173-25. The plates were incubated overnight at 37 C and counted. The viable count from the first sampling time was used as the 100% survival value. No "revertants" to DAP independence were ever found among the osmotic shock survivors of the mutant.
P32-labeling. Na3P3204 obtained from Squibb Laboratories or Nuclear Consultants Corp., Pharmaceutical Division, was added to the experimental culture incubating at 37 C. The amount of isotope used varied from experiment to experiment, although usually about 1 mc was added to 300 ml of culture. After 2 to 5 min, 1 M POU buffer was added to give a 100-fold dilution of phosphorus, and, in the case of logarithmic-phase cultures, the cells were quickly chilled by pouring onto frozen, crushed bufferedsalts solution, then harvested. The suspensions of more fragile spheroplasts were harvested as quickly as possible by centrifugation in the cold. Chemical determinations. Samples of whole cells or spheroplasts, or of the subcellular fractions, were precipitated in the cold by addition of HCl04 to 0.5 N, and then chemically fractionated to separate the nucleic acids and insoluble proteins from acid-soluble material and lipid (Volkin and Astrachan, 1956b) . After alkaline hydrolysis (0.1 N NaOH for 16 hr at 37 C) of the nucleic acid fraction, deoxyribonucleic acid (DNA) was separated from the hydrolyzed RNA by precipitation with 0.02 N HCl in the cold and centrifugation at 30,000 X g for 30 min. RNA and DNA were measured by ultraviolet absorption with a Beckman DU or a Zeiss spectrophotometer. Protein determinations were carried out on the acid-insoluble residue by the method of Lowry et al. (1951) . Radioactivity was measured with a Nuclear Chicago counter and scaler. Part of the solution to be counted (0.05 to 0.2 ml) was plated on glass planchets and dried under a heat lamp.
RESULTS
Fractionation of spheroplasts. An outline of the fractionation procedure is shown in Fig. 1 . Table 1 shows the recovery and distribution of RNA and protein in the fractions obtained from spheroplasts produced by lysozyme-freeze-thaw treatment, penicillin inhibition, and DAP starvation. Some variations in distribution from experiment to experiment were observed, but no major consistent differences were found among the three treatments. Usually, 70 to 80%N of the spheroplasts were disrupted.
The residual pellet produced by the initial centrifugation (5,000 X g for 5 min) contained most of the whole forms left after osmotic shock, and some "ghosts" (empty membranes). In labeling experiments, the RNA from the residual pellet was usually higher in specific activity than the whole cells or spheroplasts, presumably because of the "ghost" contamination.
The "membrane" fraction is the pellet obtained by centrifugation at 30,000 X g for 20 min and subsequent washing (four times) with 103 M MgSO4. Little or no ultraviolet-absorbing material was found in the third or fourth washes, so the RNA remaining in the fraction (5 to 8% of the total in the shocked suspensions of spheroplasts) was apparently quite tightly bound. The "membrane" fraction contained much fragmentary, rather granular material, many "ghosts," and an occasional whole spheroplast or rod. It was characterized by a high ratio of protein to RNA.
Centrifugation of the "membrane" supernatant liquid at 100,000 X g for 4 hr yielded a ribosome pellet, and the remaining mixture of cytoplasmic material was in the supernatant liquid. There was always a considerable amount of RNA left in the supernatant liquid, probably because the low Mg++ concentration used brought about the disassociation of large ribosomes (Spiegelman, 1959) .
"Membrane" RNA obtained from logarithmicphase cells. There was RNA of elevated metabolic activity, in terms of p32 incorporation, in the "membrane" fraction (Table 2A) A possible source of error would be the contamination of the "membrane" fraction with cells which had not been converted to spheroplasts, and when resuspended in broth would be more active in incorporating p32 than the spheroplasts. To avoid this in the next experiment, the "membrane" fraction was isolated from cells which had been allowed to incorporate p32 for 5 min while growing exponentially, i.e., before lysozyme-freeze-thaw production of spheroplasts for osmotic shock and subsequent fractionation (Table 2, B and C). The "membrane" RNA is again the highest in specific acitivity, although only about twice that of the ribosomes. Similar results were obtained with both strains of E. coli. The extent of RNA labeling in the "membrane" fraction is of the same order as that of the P1 fraction separated from aluminaground cells (Countryman and Volkin, 1959) , which lends support to the view that the rapidly labeling RNA in P1 is associated with membrane material.
The fact that the relative differences in RNA labeling in logarithmic-phase cells were not so extensive as in incubating spheroplasts may indicate that the RNA of the latter was indeed contaminated with some whole cells. However, more active ribosome synthesis must be taking place in the dividing cultures. Also, in the process of conversion to spheroplasts by the lsozyme-freeze-thaw treatment, the cells were warmed for several brief periods, during which some endogenous metabolism could occur, tending to give a more uniform distribution of label.
Development of osmotic sensitivit!1, capability of recovery, and sunthesis of macromolecules during the course of penicillin treatment and DAP starvation. To determine the most appropriate timing for incorporation and fractionation experiments with penicillin-inhibited and DAP-starved cultures, the course of action of these treatments was first studied.
Penicillin treatment. Cultures were shaken at 37 C in sucrose broth containing 1,000 units per ml of penicillin. Conversion of the cells to spheroplasts (observed microscopically) proceeded as described by Lederberg (1956) . The spheres were most uniform in size between 1 and 2 hr. Thereafter, some forms grew very large and vacuolated, others remained small. The large spheroplasts of E. coli B attained a size twice that seen with E. coli W 173-25. Figure 2 shows the change in optical density and numbers of osmotic-shock survivors as spheroplast conversion proceeded in an experiment with E. coli W 173-25. Identical results were obtained with E. coli B. There was an initial increase in optical density, i.e., growth, which preceded the development of osmotic sensitivity. Thereafter, the readings were of little halue because there was always a variable amount of clumping of the rounded forms. The plate counts of osmotic-shock survivors showed that the cells remained resistant to osmotic shock for 30 to 40 min and then became sensitive very rapidly. This was well before the conversion to true spheres was complete. The number of survivors declined to about 0.1p% by 2 hr and more slowly thereafter. These results are similar to those of Hurwitz, Reiner, and Landau (1958) and of Hugo and Russell (1960) , except that these wvorkers found a decline in viable count from the beginning.
A portion of the culture removed from penicillin after 1 hr, when the culture was still relatively resistant to osmotic shock, showed little change upon resuspension and incubation without penicillin. A portion removed from penicillin after 2 hr increased in resistance rather rapidly, indicating some regeneration or repair of wall or membrane structure. Resuspension after longer periods of incubation was not feasible, as the spheroplasts became increasingly fragile and were lost during harvesting.
The gross synthetic activity of the penicillininhibited culture is shown in Fig. 3 Fig. 2 , at intervals, 35-ml samples were removed and added to 1.5 ml of concentrated HC104 in centrifuge tubes in an ice bath. The samples were chemically fractionated as described in Materials and Methods. The optical density curve is a linear plot of the one shown in Fig. 2 . Change in optical density and development of osmotic sensitivity by Escherichia coli W 173-25 deprived of DAP, and recovery of resistance to osmotic shock upon addition of DAP. The media, conditions of culture, and determination of osmotic shock survival are described in Materials and Methods. At 118 and 178 min, 50 ml of the culture were put into a separate flask on the shaker, DAP was added to give a concentration of 100 FM, and sampling was continued. DAP) suggested that the conversion to regular spherical forms is more gradual than that produced by penicillin inhibition. The cells first increased in size, assuming a somewhat oval shape. Following this, irregular protrusions appeared, usually at one end, and these gradually became spherical, sometimes retaining a "knob" or "ear." Almost all of the spheroplasts increased in size, and after 3 to 4 hr showed some vacuolation.
The change in optical density and in the numbers of osmotic-shock survivors in a culture starving for DAP are shown in Fig. 4 . As with penicillin-inhibited cultures, there was an initial increase in optical density which preceded development of osmotic sensitivity. The numbers of osmotic-shock survivors remained constant for 50 to 60 min, then declined rapidly to less than 1 % by 2 hr, in a manner similar to penicillin-inhibited cultures. From 2 to 3 hr, there was little change, then the number of survivors began to decline again.
When DAP was added to a portion of the culture after 115 min of starvation, there was a very rapid recovery in resistance to osmotic shock (almost 50-fold in 20 min). Addition of DAP after 175 min also resulted in recovery, although neither as rapid nor as extensive.
Relative increases in RNA, DNA, and protein in the DAP-starving culture are shown in Fig.  5 . After an initial lag of about 1 hr, synthesis of RNA and protein proceeded rapidly for 30 min, of DNA for about 60 min. The rates of synthesis then decreased. In the cases of RNA and DNA, the rates increased again after 30 to 40 nun. Synthesis of protein and DNA, particularly the latter, was much more active than in those cultures inhibited by penicillin.
p32 incorporation by penicillin-inhibited and DAP-starved cultures. The effect of these treatments upon the metabolic activity of the "membrane" RNA was next studied in labeling and fractionation experiments with the inhibited cultures. After 2 hr of penicillin treatment, a culture was harvested and resuspended in fresh sucrose broth, one-half with and one-half without penicillin. After 15 min of further incubation at 37 C, P32 was added, and 2 min later the cultures were harvested and fractionated. Results obtained with both strains of E. coli are presented in Table 3 . In both cases, the "membrane" RNA was affected by penicillin in that it attained no higher specific activity than any other RNA; indeed, the labeling was almost uniform in all the fractions. However, the same pattern The optical density curve is a linear plot of the one shown in Fig. 4 . p32 of higher specific activity was used in the experiment with Escherichia coli B. held in the cultures released from penicillin for 15 min, wherein regeneration or repair of some sort was shown to be underway. Table 4 shows results obtained under conditions of DAP starvation. At 2 hr, a culture of E. coli W 173-25 starving for DAP was divided, and DAP was added to half of it in a separate flask. After 10 min of further incubation, P32 was added to both flasks, and 2 min later the cultures were harvested and fractionated. The procedure was repeated after 3 hr of starvation. The highest specific activity was attained by the "membrane" RNA in all cases, and the lowest by the RNA in the ribosomes. The addition of DAP after 2 hr of starvation resulted in an increase in ribosomal RNA specific activity. This has been noted in several experiments, although not always to the same extent nor only at 2 hr. This is probably a result of the activity of those spheroplasts which can, upon DAP addition, recover enough to begin normal metabolism, including active ribosome synthesis. After longer periods of starvation, there were fewer spheroplasts capable of such complete recovery.
DISCUSSION
Since the "membrane" RNA is very active in P32 incorporation under conditions wherein cellwall synthesis is specifically inhibited (DAP starvation) and does not increase in this activity when wall synthesis apparently resumes (DAP addition), there is no direct correlation between the two processes. Thus, it is concluded that the "membrane" RNA, or at least this metabolic activity of it (i.e., an elevated rate of P32 incorporation) does not function in cell-wall synthesis.
The inhibitory effect of penicillin upon p32 incorporation by the "membrane" RNA may be a result of the disruption of membrane structure, leading to removal or damage of the rapidly labeling RNA, or of its sites of synthesis. Landman and Ginoza (1961) and Prestidge and Pardee (1957) suggested that penicillin acts on the bacterial membrane as a primary target, perhaps by inducing an enzyme which attacks it. However, the inhibition may result from more complex effects of the antibiotic on the cells. For example, the present results show considerable inhibition of DNA and protein synthesis. Whatever the effect, the cultures could not recover from it quickly, since 15 min of incubation without penicillin did not change the pattern of p32 incorporation. Goldstein and Brown (1961) also found that protoplasts produced by penicillin incorporated p32 uniformly into RNA contained in several subcellular fractions, contrasted to whole cells or lysozyme-produced protoplasts which showed an elevated incorporation into RNA in a "debris" fraction. However, the protoplasts used by Spiegelman (1959) were produced by penicillin treatment and showed elevated incorporation of Cl4-uridine into a membrane fraction. These 1068 SUIT on October 15, 2017 by guest http://jb.asm.org/ Downloaded from protoplasts were stored for some period of time before use, and this and other differences in handling may have provided an opportunity for some recovery from the penicillin treatment.
Although the "membrane" RNA seems to be inhibited, there was active synthesis of total RNA in the penicillin-treated cultures. This is contrary to the results of Prestidge and Pardee (1957) , who found that penicillin had a marked effect on total RNA metabolism, including inhibition of synthesis and degradation. Differences in physiological conditions seem to influence the action of penicillin markedly, and they were using logarithmic-phase cultures in a synthetic medium, whereas the present findings are with overnight cultures diluted into a rich hypertonic broth.
In the beginning of this work, the assumption was made that the "membrane" fraction consists primarily of cytoplasmic membrane material, but other membranous structures normally found inside the cytoplasm may be attached to the "ghosts" and "ghost" fragments. Evidence for a network of intracytoplasmic membranes in Azotobacter agilis was recently reported (Pangborn, Marr, and Robrish, 1962) . Such a network might be continuous with the cytoplasmic membrane. It is conceivable that the rapidly labeling RNA found in the "membrane" fraction is of the nature of the "messenger" RNA thought to function in protein synthesis (Gros et al., 1961) . As isolated here, it may be associated with specific sites of protein synthesis, presumably ribosomes, quite firmly attached to cytoplasmic membranous material, either normally or as an artifact of extraction. Thus localized, it would be protected from the washing procedures. The present finding that the activity of the "membrane" RNA is inhibited by penicillin, the ultimate effects of which appear to be quite complex and include inhibition of protein and DNA synthesis, is consistent with this possibility.
